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SUPERNATANT MeTaLs CONCENTPATION, MG/L

Figure (31 ) I

_100 4}: Hﬁ—‘_@f
o
|
| +3
80 | :._ Cr
|
|
|
:
| +3
60 1 4 S Cr
|
|
1
|
:
40 o- - -ag :
;3 |°*‘**'*°"**‘45-*‘*ﬁ
NI+2-—-E i NI+2'-..
A
v !
!
20 | l
2 HIS
K =T StuDy
:" = THomMAs
| A (20)
0 &
4 5 6 / 8 9 10 11

Lomparative data from this study and similar studies

performed by Thomas and Theis (20)

59




pH 8.5, the residual concentrations of nickel and chromium reported by
Thomas and Theis included certain insoluble species which had not settled.

The term “coprecipitation" is often used in the literature to denote
the removal of a chemical species from solution under conditions which
normally would not predict its removal. These data show that nickel,
cadmium and zinc were all "coprecipitated" with chromium. Additional
data were obtained to determine the effect of varying ratios of chromium
and nickel on "coprecipitation". Results from these studies are shown
in Figures 32 and 33. The addition of low levels of chromium to a nickel
solution drastically altered the precipitation:pH pattern for nickel.
Chromium concentrations as low as 1 mg/1 were found to significantly reduce
the effective pH for nickel precipitation.

The “"coprecipitation" of chromium with other metal species has been
reported previously in the literature (27)(28). Various mechanisms, in-
cluding adsorption, have been proposed to describe the observed phenomenon.
Preliminary studies, showing "coprecipitation" does occur, resulted in
a need for further experimental work in this area. Of premiere importance
was the collection of data which would help identify possible mechanisms
which operate during the "“coprecipitation" of chromium and other metals.

The experimental approach chosen was to develop base titration curves
for each metal individually as well as for certain mixed-metal systems.
The details of the experimental technique are discussed in the Methods
and Materials section of this report. To summarize, each metal was titrated
with a base of known strength and the solution pH was monitored during
the titration. The addition of base was continued until a solution pH
was obtained above the range of insolubilization for a particular metal.
In addition, the intial soluble concentration of each metal present in
solution was determined. Thus, by comparing the inital equivalents of
metal present to the amount of base equivalents added to solution, it
was possible to determine the stoichiometric base requirement necessary
for complete metal insolubilization. A1l metals under consideration in
this study were examined individually. In addition, the chromium-nickel
and chromium-cadmium mixed-metal systems were studied.’ These two metal
mixtures were chosen because the insolubilization ranges for nickel and
cadmium are widely separated from that of chromium. Because of a signi-
ficant overlap of pH ranges for insolubilization, the study of chromium-
copper and chromium-zinc metal mixtures using titration techniques was
not considered feasible.

Representative graphs from the titration of each indiviual metal
are shown in Figures 34 through 37. Analysis of these results show the
titration method to be useful and reliable as a research tool. In each
experimental study, the stoichiometric amount of base added to solution
was approximately equal to the initial amount of metal present on an
equivalent basis. The endpoint of each titration curve is defined as
the point at which the solution pH begins a rapid rise following the
insolubilization "plateau".

————
A Aok o




‘1/bw 0§ 40 uoLIBL3USIUOD
(IT)LN Let3tul  -dsonbi| juejeusadns a3yl uL bututewss (3ayaLu
40 UOL3BJ3UBJU0D 3Y] UO HA pue JU3U0D WNLWOUYD O 373343 3y)

Hd

. ON

"(2€) 24nb1y4

T

o
= o

o
N

o=
N

D
=g

$aaav a) /oW |

—- —-
a3aav ¥y 1/9W ()

R

T/9W “NOTLVYLNIONOY) I ANVLIVNY3dNG

57




*1/Bbw Qg 40 UOLFEUFUIIUOD
(II1)IN tet3tu]  “donbiy juejeuuadns ay; ut butuirewsd [3%ILU 2
40 UOL3RJJUIIUCD 3U} U0 WA puR JUIJUOD WNLWOJYD 4O 333333 3Ul ‘(gg) 34nb14

Hd
0t

WF

58

=

T/9W “NOILVILINIONO) IN LNVLIVNYIANG

P

b cmcmccmcam o mme -ee -

AL1719070§ 1Y I¥O113403H)

-

00T




T

*SuUOL3eU3uUadu0Y woL (I11)4)
[2L3LuUL |€43A3S JOJ S3AUN2 UOLJRJTLY DlJjaWlily ;wm\ m;:mi

(03W) ‘NOlLIGay KOV
9 S h £ z [ 0

-\ A A
v . v

T
, 2l
+

9
£ 2
e
 — D3N 79'/ = ¥) g T~
,vm
1 UIW 69°¢ = ¥) ™ =03W G'Z
| F = mu&l.cwz T T ot
= 4)
J b
: i

1




T

"SUGLIRUAIUBOUOD woL (]])IN
[BLILUL [R43A3S 404 S3AUND UOLIRULY DLABWLY(Y *(GE) 34nby 4

(U3W) “NOILIAAY HOVN
0'¢ 0°'¢

o
-

L 3

& —-

i
v

U3W /8'¢ = 1)

I‘»

VI 98°7 = I

0IW 20°Z = I Ty

60




A " 2
.4 v ——

0 8.2 30 W 50
NAOH ApDITIiON, (MEQ)

Figure (36). Alkimetric titration curve for zinc.
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Having completed these initial studies, efforts were made to examine
the chromium-nickel mixed-metal system in an in-depth fashion. Titration
curves were developed using several initial ratios of chromium to nickel
in solution. Representative results from these studies are shown in Figures
38 through 42. Examination of these results leads to the following obser-
vations:

(1) In many instances, the solution pH remains below pH 6.5 through-
out the titration, corresponding to the pH range of chromium insolubiliza-
tion. Examples of this behavior are seen in Figure 38. In each case,
the pH does not stabilize at any time in the range of 8.0 to 9.0, corre-
sponding to the insolubilization of nickel. Rather, it rises rapidly
from 6.5 to 10.5 or 11.0. Thus, all metals present are insolubilized at
the pH 5.0 to 6.5 "plateau". This result is different than would be pre-
dicted by equilibrium chemistry considerations. Figure 42 shows this
difference between theoretical predictions and experimental observations
for one set of experimental results. In this study, the initial chromium
and nickel amounts were 18.2 and 35.6 milliequivalents respectively.
Theoretically, equilibrium chemistry would predict that, following base
addition roughly equal to the initial amount of chromium present, a dis-
tinct rise in pH should be noted. The pH should progress to near pH 8.0,
into the range of nickel insolubilization. In this pH range, the insolu-
bilization of nickel hydroxide would serve to produce a second pH "plateau"
whick would continue until approximately 35.6 meg of base had been added.
At this point, all metals present would be insolubilized and further base
additions would produce a rapid rise in solution pH. Comparing the theore-
tical curve to that determined experimentally shows clearly that this is
not occurring.

(2) Figures 39 through 41 show cases where two pH "plateaus" have
been established, corresponding to the regions of chromium and nickel
insolubilization. However, the base equivalents added to the inflection
point of the titration curve are always much larger than the initial amount
of chromium present. Thus, a mass balance of the system shows that any
additional base added to reach the inflection point must be utilized in
the insolubilization of nickel. For example, Figure 40 shows that 100
meq of base were added during the low pH “plateau" before the inflection
point was reached. The initial chromium present in this titration corre-

: sponded to 20 meq. Thus, since no appreciable rise in pH is noted over
this pH "plateau", it can be concluded that the additional 80 meq of base
were utilized in the insolubilization of nickel from solution.

(3) A summary of the initial metals concentrations and the total
required base equivalents determined experimentally from each mixed-metal
test are listed in Table 6. By comparing the amount of initial metals
present to the amount of base required for complete insolubilization,
it can be see that, within the confines of experimental error, the equiva-
lents of base added compares well with the equivalents of metals present
initially. This is an important finding since it provides some insight
into possible explanations for the "coprecipitation" phenomenon. Owing
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TABLE 6. RESULTS OF CHROMIUN - NICKEL
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TABLE 6. RESULTS OF CHROMIUM - NICKEL
“COPRECIPITATION" STUDIES

INITIAL INITIAL THEORETICAL BASE ACTUAL BASE
or’? (MeQ)  Ni*Z (MEQ)  _REQUIRED (MEQ)  REQUIRED (MEQ)
0.12 2.70 2.82 3.02
0.35 2.75 3.10 3.32
0.46 2.54 3.00 3.02
1.15 2.41 3.56 3.50
2.03 2.35 4.38 4.30
2.86 2.38 5.24 5.29
3.76 1.69 5.45 5.50
SET 1.66 7.43 7.30
80.8 173. 253.8 268.
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19.8 205. 224.8 232.
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to the close agreement between base requirements and initial metals pre-
sent, it appears that adsorption of nickel to the chromium surface is
not a likely mechanism; rather, the data show that both metals are being
completely insolubilized as metal hydroxide species.

The possibility of a reversible adsorption reaction involving nickel
and the chromium hydroxide surface was investigated. The hypothesis tested
is as follows:

Initially, in the pH range favoring chromium insolubilization, nickel
ions may be adsorbed to the chromium surface. However, upon continued
base addition, the nickel ions may desorb from the particle surface and
insolubilize as nickel hydroxide. Thus, the adsorption of nickel would
result in the production of a "metastable" chromium-nickel species from
which nickel could desorb at high pH values.

To test this hypothesis, experimental test procedures were devised.
Insolubilization studies were performed using a chromium-nickel mixture.
The solution pH was raised through base addition to the range of pH 7
to 7.3, a range which would produce complete chromium insolubilization
but would leave nickel in solution. After achieving this pH range, the
suspension was flocculated and settled for one hour. After settling,
the soluble concentration of metals remaining in the supernatant liquor
was determined. By comparing the amount of metals removed at this pH
value with the amount of base added to solution, it should be possible
to examine the possibilities for nickel adsorption. If adsorption is
a viable phenomenon, the total amount of metals removed from solution
would be much higher than the equivalent amount of base added.

Results of these experiments are shown in Table. 7. In all cases,
the amount of chromium and nickel removed at pH 7.0 to 7.3 could be roughly
accounted for by the number of base equivalents added to solution. Thus,
one may conclude that adsorption does not play a major role in the "copre-
cipitation" of chromium and nickel.

After eliminating adsorption as a possible mechanism for "coprecipi-
tation", other alternatives were considered. One possible mechanism was
that nickel was involved in an "inclusion reaction" where nickel ions
could be incorporated in the insolubilization of chromium jons. Through-
out the study, it had been experimentally observed that, during the ini-
tial additions of a base to a chromium-bearing wastewater, the solution
color would turn from a violet-blue to a blue-green in the pH range 4.0
to 4.5. Examination of chromium speciation diagrams such as those shown

in Figures 43 and 44 for 10_2 and 10'3 molar chromium solutions show this
pH range to correspond to the production of certain polynuclear chromium
species. Thus, it was felt that nickel may be incorporated into the pro-
duction of these chemical species. To test this hypothesis, a series
of three experimental tests were undertaken. In the first test, both
nickel and chromium were initially present in solution and base added
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until a pH of 10.1 was obtained. In the second test, the same metal con-
centrations were utilized. However, the nickel was not added to solution
until the pH of the chromium solution had been raised to pH 4.5. Thus,

the nickel was added to solution following the pH characteristic of the
possible formation of chromium polymeric species. Again, the metal mixture
was titrated with base until a final pH of 10.0 was obtained. Finally,

in the third test, the nickel was not added to the chromium solution until
a pH of 5.3 had been attained, the pH at which the insolubilization of
chromium hydroxide becomes incipient. Upon attaining pH 5.3, the soluble
nickel was added to solution, and the pH likewise raised to 10.0. Results
from these three experimental tests are shown in Figure 45. It can be

seen that, for all three sets of experimental conditions, the resulting
titration curves are indeed similar. If nickel inclusion was the mechanism
occurring during “"coprecipitation", one would expect to see a variation
between the three sets of data. Precisely, the curves produced in tests .
2 and 3 should produce a second "plateau" corresponding to the insolubil- &
ization of nickel since adding the nickel at the pH values 4.5 and 5.3
would not have allowed for its incorporation into the chromium species
formed. Thus, since no perceivable variation can be noted between the
three titration curves, it appears unlikely that "coprecipitation" occurs W
through the inclusion of nickel ions within the chromium hydroxide matrix.

>

A third alternative to be considered is the effect of insolubilization g
kinetics on these metal mixtures. It is possible that variations in kinetic !
rates of insolubilization may help to explain the observed "coprecipitation" 13
phenomenon. It must be remembered that equilibrium chemistry is useful
in describing only systems which have reached equilibrium. Equilibrium
considerations are not applicable in describing the rate at which equili- f
brium is attained. Furthermore, several chemical systems have been shown v
to exist for extended periods of time in a non-equilibrium or "metastable"
state. Thus, in considering the interaction of metals in a mixed-metal
system, it is imperative that the system kinetics be evaluated. A pro-
posed kinetic mechanism for "coprecipitation" is as follows:

Upon the addition of a high-strength base to a chromium-nickel mixture,
conditions of instantaneous "localized high pH" may develop. Within the
regions of "localized high pH", the pH may reach 11.0 to 12.0, even though
the bulk solution pH remains near pH 5.0 to 6.0. The idea of developing
high pH conditions near the point of base addition appears plausible,
especially when considering solutions of low buffering capacity such as
were utilized during this study. The extent of the development of "local-
ized high pH" would be dictated by the rate at which hydroxyl ions could
diffuse and mix throughout the bulk solution. Within the region of "local-
ized high pH", both nickel and chromium would be predicted to insolubilize :
based upon equilibrium chemistry calculations. Thus, the question becomes (-4
one of insolubilization kinetics, namely whether chromium or nickel ions
insolubilize more rapidly from a kinetic rate standpoint.

Examination of the literature related to the kinetic rates of chromium
and nickel insolubilization show such a mechanism to be feasible. Stumm
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and Morgan (16) state ‘

“the establishment of hydrolysis equilibria is frequently very fast,
as long as the hydrolysis species are simple. Some metal ions like Cr(III),
Co(III), ... form their complexes very slowly. Many of these polynuclear
hydroxo complexes are kinetic intermediates in the slow transition from
free metal ions to solid precipitates..."

Thus, the rate of chromium insolubilization may be dictated by the rate
at which polynuclear chromium hydroxide species are formed. Ermolenko
et al. (29) discuss this phenomenon in terms of ligand filed theory. Cal-
culations show that the increase in energy in going from the octahedral

3
)+

configuration of Cr(H20 to a quadratic prymidal intermediate is greatest

for the transition metal ions of the d3 jons by several orders of magnitude
when compared with ions of other d configurations. Similar experimental
results regarding "coprecipitation" may be expected if cobalt had been
utilized in this study instead of chromium, since cobalt is likewise a

d3 transition metal.

Although useful kinetic rate coefficients related to the insolubiliza-
tion of certain metal hydroxides could not be found, references to their
relative rates of reaction were located. Wilkins and Eigen (30) propose
the theory that the rate constant for the formation of certain insolubili-
zation species can be related to the water excange rate for that given
element. Thus, it may be possible to discuss the rates of insolubilization
based upon examination of the water exchange rates of certain metals.

Table 8 lists the established rate constants for the reaction

+i

Me(H,0)*1  ——= Me(H (-1)

0) + H,0

2 2
for chromium, nickel and copper. The rate of water exchange can be seen
to be much faster when considering copper or nickel than chromium. Thus,
applying the theory of Wilkens and Eigen, it is possible to theorize that
the kinetics of nickel insolubilization are much more rapid than that

of chromium. It should be noted that kinetic effects on the insolubiliza-
tion of certain metal species have been noted by other investigators (31)
(32). Many have concluded that major variations in metal removal from
solution can be attributed to parameters such as the strength and rate

of base addition. A variation in the rate at which hydroxyl ions are
added to solution would imply a change in the system kinetics.

To summarize, of the proposed mechanisms considered, the only one
which appears viable relates to the kinetics of metals insolubilization
and how large differences in kinetic rates may override conditions predicted
from thermodynamic equilibrium considerations. Mechanisms related to
the adsorption or inclusion of other metals during the insolubilization
of chromium were found to be inadequate in the description of experimental
data collected during this study.
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TABLE 8. WATER EXCHANGE RATES FOR CERTAIN METAL IONS

METAL ION

Cu

+2

Nite

Cr+3

Fe+3

WATER EXCHANGE RATE
CONSTANT (M~ 'sec™!)

]08.3
]04.4

]0-4-7
]00.6




